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bstract
The present investigation was conducted to study the leaching characteristics, speciation and fractionation of trace and major
lements from fly ash. Five liquid-to-solid ratios (L/S) were selected, ranging from 0.5 to 1. The releasing of trace and major elements
rom fly ash increased as L/S ratios increased or over time (at pH = 2.88). -Al(OH)3, Cd3(PO4)2, azurite, jarosite, MnCO3, Pb(OH)2,
uartz (SiO2) and ZnCO3 are the solid phases that control Al, Cd, Cu, Fe, Mn, Pb, Si and Zn activities in fly ash leachates. The
equential chemical extraction tests showed that Al, Cd, Cu, Fe, Mn, Pb, Si and Zn were mainly present in the last three fractions,
hich were Fe–Mn oxides, organics and residual fractions and their leachability could be well-controlled in common natural
nvironment. According to risk assessment code (RAC); Cd, Cu, Mn and Pb show a medium risk, while Zn and Fe shows low risk
evel, but Al and Si are considered safe to our environment.
 2015 The Author. Production and hosting by Elsevier B.V. on behalf of National Water Research Center. This is an open access
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
A huge amount of fly ash is produced because of the use of coal in power generation. Fly ash characteristic depends
n physicochemical properties of coal, coal combustion process and other factors (Saikia et al., 2006) which include
ource of coal. Chemical composition and properties of fly ash are also a function of the origin, type of feed coal, the
ombustion sequence, collection methods, storage and climate (Adriano et al., 1980; Young, 1993; Steenari et al., 1999).
ly ash chemical composition is typically made up of elements such as silicon, calcium, aluminum, iron, magnesium,
nd sulphur oxides; along with carbon and various trace elements like Co, Cd, As, Se, Zn, Mo, Mn, Pb, B, Cu and
i. The existence of these elements in fly ash is due to their high melting points since they are not volatilized; and
he short time the ash particles actually remain in the furnace during burning process (EI-Mogazi et al., 1988). While,
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the inorganic minerals melt and become fluid or volatile or react with oxygen; and upon cooling, they form crystalline
solids, spherical amorphous particles or condense as coating on the particles (Kutchko and Kim, 2006).
Leaching of trace elements from combustion residues is a very slow process and the solid–liquid phase equilibrium
may not be attained even with long leaching times (Saikia et al., 2006; Fishman et al., 1999). When fly ash and water
are in contact, precipitation/dissolution, complex formation, adsorption/desorption and redox reactions occur. These
reactions control the mobilization of major and minor elements in the solution. The rates and amounts of elements
released into solution during leaching are depending on concentration and distribution of elements in fly ash, and
incorporation of elements into secondary solid phases as a result of weathering reactions. Roy and Griffin (1984)
suggested that the concentration of major elements like Al, Ca, Fe, Si in fly ash leachate was controlled by anhydrite,
mullite, Al- and Fe-oxyhydroxides. It was confirmed by Roy and Griffin (1984), Fruchter et al. (1990), Garavaglia
(1994) that the leaching of aluminum is controlled by amorphous Al(OH)3 for a pH ranging between 6 and 9, and by
gibbsite for pH higher than 9. The release of silicon is said to be controlled by the solubility of quartz (SiO2) at pH lower
than 10 and by solubility of wairakite (CaAl2Si4O12·2H2O) at higher pH (Tiruta-Barna et al., 2006). Fruchter et al.
(1990) found that the release of As, Mo, and V was observed to be controlled by adsorption/desorption reactions. Cr
has been observed to be controlled by BaCrO4 and Ba(S,Cr)O4 while As is suggested to be controlled by Ba3(AsO4)2.
Chemical fractionation is the process of determining and identifying specific chemical species or their binding
forms. Chemical fractionation reveals the availability and mobility of metals in solid materials in order to understand
their chemical behavior and fate (Kalembkiewicz et al., 2008). To evaluate the availability and mobility of metals from
solid materials such as fly ash, some extraction tests have often been applied (Nurmesniemi et al., 2008). According to
the International Ash Working Group (IAWG) (IAWG, 1997), the results of sequential extraction might not necessarily
reflect the associations with the claimed phases, but rather represent the different leaching conditions within a landfill
over time. The exchangeable phase is immediately available under neutral conditions; the carbonates phase is potentially
available under neutral conditions; the phases of Fe–Mn oxides and organic matter are potentially available under
reducing conditions; the residual phase is unavailable for leaching (Wan et al., 2006). Sequential extraction methods
have been widely used to determine the chemical compositions and the partitioning of metals in waste materials such
as fly ash (Chang et al., 2009; Smeda and Zyrnicki, 2002; Bódog et al., 1996; Smichowski et al., 2008; Marrero et al.,
2007).
Fly ash has a wide application as a soil stabilizer (Zhang et al., 2013; Nalbantog˘lu, 2014; Güllü, 2014; Yilmaz, 2015)
and construction material (C¸ ic¸ekm and C¸ inc¸in, 2015). The fly ash examines in this study was used in the construction
of the New Assiut Barrage project in Egypt (one of concrete mixture), which is one of the mega national project
co-financed by the Egyptian government and the German government represented by the German Development Bank.
Trace and major elements in the fly ash are considered as the most dangerous component due to their ability to leach and
migrate. This study aims to provide detailed insight into leaching characteristic of trace and major elements from fly
ash–water systems, determine the solid phase controlling these elements and determine the partitioning and mobility
of these elements in fly ash.
2.  Materials  and  methods
2.1.  Fly  ash  sampleA 5-kg sample of fly ash was taken from New Assiut Barrage project. The sources for fly ash were Tata Power
India’s company (8560 MW) and Adani Power Limited (420 MW), the two companies were in Mundra, India’s. The
general information about fly ash was tabulated in Table 1.
Table 1
General information on fly ash material used in this study.
Properties Pozzocrete 63 Fineness <10% retained on 45 micron sieve
Presentation Finely divided dry powder Particle shape Spherical
Color Light gray Specific density 2.3 metric ton per cubic meter
Bulk weight 0.9 ton/m3
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.2.  Reagents  and  quality  assurance
Analytical reagent grade chemicals and double-distilled deionized water were used for preparing all solutions. All
lastic bottles were cleaned by soaking in 10% HNO3. Procedural blanks, preparation of standard solutions under
lean laboratory environment. Recovery studies for the trace and major elements analyzed using ICP-OES (inductively
oupled plasma-optical emission spectrometry) ranged between 97 and 104%. Stock standard solutions of aluminum
Al), cadmium (Cd), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), silicon (Si) and zinc (Zn), were obtained from
erck in concentrations of 1000 mg/L (Merck, Darmstadt, Germany). Hydroxyl ammonium chloride (NH2OH·HCl)
C6H15NO3) was provided by Oxford Laboratory. Nitric acid (65% w/v) and hydrogen peroxide (30% w/v) were
anreac Quimica product. Potassium nitrate, potassium dichromate, mercuric sulfate and silver sulfate were from
echnolab.
.3.  Physicochemical  analyses  on  ﬂy  ash
Quadruplicate fly ash samples (n  = 4) were subjected to sequential tests to determine its composition according
o standard test methods for sampling and testing fly ash or natural pozzolans for use in portland-cement concrete
ASTM, 2004). The chemical analyses are conducted to determine moisture content, loss on ignition, silicon dioxide,
luminum oxide, iron oxide, calcium oxide, magnesium oxide, sulfur trioxide and sodium oxide and potassium oxide.
ater-dispersible clay (WDC) was measured by the pipette method (Miller and Miller, 1987). Fly ash samples were
aken to determine the pH and electrical conductivity in water with a 1:2.5 sample/solution ratio after equilibration for
0 min. Measurement of the organic matter contained in the fly ash was achieved by oxidation of the carbon by the
ddition of excess 1 N K2Cr2O7 (Alexiadis, 1972).
.4.  Leaching  experiments
The impact of liquid-to-solid ratios (L/S) on the leaching characteristics: the leaching characteristics of fly ash
amples were tested depending on Method 1316 (EPA, 2012) is a procedure that determines liquid-to-solid (L/S)
artitioning as a function of the liquid-to-solid ratio for constituents in solid materials using a parallel batch extrac-
ion procedure, (EPA, 2012). L/S affects the concentration of the metal or other element that will leach from the
olid into the liquid to which it is exposed. The liquid-to-solid ratio batch extraction leaching test procedure call
or testing at five specific liquid-to-solid ratios. The five target ratios are 10, 5, 2, 1 and 0.5 mL reagent water/g
ry material. The samples were shaken at a rate 28 ±  2 rpm for 24 h. After extraction procedure the liquid is fil-
ered and preserved for analytical analyses. The physical and chemical parameters for each liquid-to-solid ratio are
etermined.
The impact of time on the leaching characteristics: acetic acid solution was used as the leaching solution. The pH
alue of 2.88 was chosen from the Toxicity Characteristic Leaching Procedure (TCLP) for hazardous waste in the US
PA test method 1311 – TCLP, (US EPA, 1992). The leaching solution was mixed with fly ash (2.0 g) at a liquid-to-solid
atio (L/S) of 20:1, The leaching time was separately controlled for 4, 8, 12, 16, 20 and 24 h.
.5.  Speciation  of  major  and  trace  elements  in  leachates  from  ﬂy  ash  samples
Triplicate samples, each of 10 g were suspended in 250 mL flasks with 200 mL of deionized H2O. All samples were
haken at 25 ◦C on a mechanical shaker at 100 oscillations per min. After 1, 7, 14 and 28 days; the suspensions were
ltered through a 0.45 m Millipore filter. Each clear filtrate was divided into two sub-samples. One was acidified with
oncentrated HNO3 to pH <2 and the other was left unacidified. Acidified samples were analyzed for various cations,
race and major elements. Unacidified samples were analyzed immediately for pH, total carbonate species, chloride,
ulphate, nitrate and phosphate. These filtrates were termed as “leachates” to suggest their potential for representing
he chemistry of solutions leached to the surrounding environment. The results of analyses including temperature, pH,
race elements, cations and anions were inserted in the database of the Visual MINTEQ Ver3, beta, to automatically
alculate the activities of trace and major elements and their ionic complexes.
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Table 2
Sequential extraction experiment procedure.
Chemical form Extraction condition
Water soluble fraction (F1) Sample extracted with 20 mL of deionized water for 1 h (20 ◦C).
Exchangeable fraction (F2) The residue from (F1) extracted with 20 mL of 1 M NH4OAc, pH 7 for 2 h.
Carbonate fraction (F3) The residue from (F2) extracted with 20 mL of 1 M NH4OAc, pH 5 for 2 h.
Iron and manganese fraction (F4) The residue from (F3) extracted with 20 mL of 0.04 M H2OH·HCl in 25% HOAc for 6 h (water bath,
60 ◦C).
Organic (F5) The residue from (F4) extracted with 15 mL of 30% H2O2 at pH 2 (adjusted with HNO3) for 5.5 h
(water bath, 80 ◦C). After cooling, 5 mL of 3.2 M NH4OAc in 20% HNO3 was added; sample was
shaken for 30 min and finally diluted to 20 mL with water.
Residual (F6) The residue from (F5), after drying, was digested in a conical flask with 10 mL of 7 M HNO3 on a hot
plate for 6 h. After evaporation, 1 mL of 2 M HNO3 was added, and the residue after dissolution was
diluted to 10 mL. The residue was washed with 10 mL of deionized water before the extraction step,
followed by 30 min of centrifugation, and the wash solution discarded before the next extraction.
2.6.  Sequential  extraction  of  major  and  trace  elements  from  ﬂy  ash
Determination of metal fractions or distribution in fly ash samples was made by the Salbu and Krekling (1998)
sequential chemical extraction scheme which is a modified version of Tessier et al. (1979). It is designed to separate trace
and major elements into six operationally defined fractions. One gram of fly ash sample were weighed and placed in a
50 mL polypropylene centrifuge tube. The following extractions were made sequentially (Salbu and Krekling, 1998) as
given in Table 2. Extracts were replicated, with mean values reported. Residues were separated from supernatants by 30-
min centrifugation at 3000 rpm. The washing steps (10 mL H2O, shake 15 min) were preformed between fractionations
1 through 5, with resulting supernatants separated from residues by 30-min centrifugation and solutions combined with
initial extracts. Concentrated HNO3 was added to fraction 1 to acidify the final extracts. Elemental concentrations (Al,
Cd, Cu, Fe, Mn, Pb, Si and Zn) in all extracts were analyzed by ICP-MS. Percent recovery is determined using the
following Eq. (1):
%Recovery = F1 +  F2 +  F3 +  F4 +  F5 +  F6
Total extractable by microwave digestion
×  100 (1)
where F1, F2, F3, F4, F5 and F6 are water soluble, exchangeable, carbonates, iron and manganese oxides, organics
and residual fractions, respectively.
2.7.  Water  extract  analyses
The physical and chemical parameters were analyzed according to standard methods for examination of water
and wastewater (APHA, 2005). The pH was measured at 25 ◦C using pH meter InoLab WTW level 1. Carbonate
(CO32−) and bicarbonates (HCO3−) ions were determined titrimetrically by 0.1 N – HCl. Electrical conductivity
was measured at 25 ◦C using conductivity meter, model InoLab. cond level 1. Total dissolved solids (TDS) were
determined by weighing the solid residue obtained by evaporating a measured volume of filtered water sample to
dryness at 103–105 ◦C. Major anions: [chloride (Cl−), sulfate (SO42−), nitrate (NO3−)] and major cations: [calcium
(Ca2+), potassium (K+), magnesium (Mg2+) and sodium (Na+)] were measured using Ion Chromatography (IC),
Dionex product, model DX5000. Trace elements (Al, Cd, Cu, Fe, Mn, Pb, Si and Zn) concentrations were measured
using the inductively coupled plasma-optical emission spectrometry (ICP-OES) Perkin-Elmer product, model Optima
5300 DV.
2.8.  Statistical  analysisSPSS, ver. 15, 2006, statistical model was used to calculate minimum, maximum, mean values, standard deviation
and correlation between parameters measured through this study and p (probability)-value calculation.
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Table 3
Physicochemical composition of fly ash sample (n = 4).
Minimum Maximum Mean Median
Concentration (%)
SiO2 (silicon oxide) 49.71 50.56 50.09 ± 0.37 50.05
Al2O3 (aluminum oxide) 28.85 30.39 29.60 ± 0.79 29.59
Fe2O3 (iron oxide) 5.56 7.73 6.76 ± 0.92 6.88
SO3(sulfur trioxide) 0.26 0.37 0.32 ± 0.06 0.33
CaO (calcium oxide) 2.32 2.51 2.45 ± 0.09 2.48
MgO (magnesium oxide) 0.03 1.13 0.57 ± 0.61 0.55
Na2O (sodium oxide) 0.08 0.80 0.29 ± 0.34 0.14
K2O (potassium oxide) 0.14 0.34 0.20 ± 0.09 0.17
LOI (loss on ignition) 0.81 0.91 0.85 ± 0.04 0.84
Moisture 1.37 1.41 1.39 ± 0.02 1.40
Organic matter 0.76 0.77 0.77 ± 0.006 0.77
Physical parameters
pHa 10.39 10.39 10.39 10.39
ECb 703 703 703 703
Texture (%)
Fine Sand 24.79 24.87 24.83 ± 0.03 24.83
Clay 13.4 13.44 13.42 ± 0.02 13.42
Silt 61.71 61.75 61.73 ± 0.01 61.74
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.  Result  and  discussion
.1.  Physicochemical  composition
The chemical composition of fly ash varies widely, depending on the type of coal burned, the particle size of the ash,
nd the efficiency of the collectors. Fly ash in the present study was mainly composed of SiO2, Al2O3 and Fe2O3 as
ajor components, with smaller percentage of CaO, K2O, Na2O, SO3 and MgO, Table 3. In a review of the literature,
oy et al. (1981) reported the same findings.
Fly ashes are classified by American Society for Testing and Materials (ASTM) into class F or C by their aggregate
lumina, silica, and ferric oxide contents. The distinction between Class F and Class C fly ash is based on the sum of
he total silica, aluminum and iron oxides (SiO2 + Al2O3 + Fe2O3) in the ash. When the sum is greater than 70%, an
sh is classified as Class F. When the sum is between 50% and 70%, the ash is classified as Class C (ASTM C 618,
993 & 2004). Table 4 shows the ASTM standard classification of fly ash.
In this study, fly ash was classified as F fly ash since the sum of (SiO2 + Al2O3 + Fe2O3) exceeded70% and calcium
xide’s percentage was 2.45 ±  0.09; i.e., less than 12% which refers to type F. The percentage of magnesium oxide,
odium oxide and potassium was less than 2%. The data showed that the moisture content was less than 3%, while
he mean value for loss on ignition (LOI) was 0.85% ± 0.04 and less than the recommended limit for fly ash (6%).
he loss on ignition of fly ash gives an approximate estimate of the un-burnt carbon content present in the fly ash. The
able 4
STM standards classification of fly ash (4).
Class F (%) Class C (%)
iO2 + Al2O3 + Fe2O3, min % 70 50
O3, max % 5 5
oisture content, max % 3 3
OI, max % 6 6
vailable alkalis, as Na2O, max % 1.5 1.5
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un-burnt carbon particles, which are porous in nature, absorb water, which is not released for hydration. The pH of fly
ash is 10.39 indicating that it is alkaline; and its electrical conductively is 703 S/cm. Organic matter (%) content for
fly ash was 0.77 ±  0.006%, the presence of organic matter gives an indication to unburned lignite.
The result of texture analysis showed that fly ash samples comprise fine sand (24.83% ±  0.03), clay (13.44% ±  0.02)
and silt (61.73% ±  0.01). According to US Department of Agriculture (USDA), textural triangle, (US Dept. of
Agriculture. Soil Conservation Service. Soil Survey Staff, 1975) the fly ash has silt loam texture.
3.2.  Leaching  process
The impact of liquid-to-solid ratio (L/S) on the leaching characteristics: The pH of 10, 5, 2, 1 and 0.5 L/S ratios
was 8.87, 9.09, 9.28, 9.66 and 10.00. pH of fly ash extracts was decreased with increased liquid-to-solid ratios (L/S)
Fig. 1(A). The pH of the extracts decreased significantly (p  < 0.05; i.e., the correlation was significant) as the liquid–solid
(L/S) ratios increased. The pH of leachate from fly ash was alkaline; these results were explained by Talbot et al. (1978)
and later (Roy and Griffin, 1984) generalized that alkaline leachate from fly ash was the result of the hydrolysis of
metal oxides that form during the combustion of coal, viz.,
MO +  H2O →  M2+ +  2OH−,  where M =  Ca or Mg (2)
M2O +  H2O →  2M+ +  2OH−,  where M =  Na or K and others (3)
The cumulative release concentrations of carbonate and bicarbonate ions in the extract from fly ash samples increased
as liquid-to-solid ratios (L/S) increased, Fig. 1(B). The cumulative release concentration of carbonate and bicarbonate
ions of the extracts were highly significant (p  < 0.01); its significance increased with the increase of L/S ratios. The
increases of carbonate refer to the increase of hydrolysis of metal oxide as calcium, sodium, magnesium and potassium
as in Eqs. (2) and (3) relative to the percentage of water added.
The salinity ‰ (part per thousand – PPT) were less than 0.1‰ at 5 and 10 liquid-to-solid ratios (L/S) and increased
to 0.2‰, 0.4‰ and 0.9‰ at 2, 1 and 0.5 liquid-to-solid ratios (L/S), respectively, due the increase of total dissolved salt
with decreased L/S ratios. The decrease of TDS is related to the decrease in electrical conductivity (EC) and salinity.
The cumulative concentration of calcium, magnesium, potassium, sodium, chloride, nitrate and sulphate increased as
the liquid-to-solid ratios (L/S) increased.
Fig. 1(G and H) show that the leaching ratios of Al, Fe, Si, Zn, Cd, Cu, Mn and Pb clearly increased as the ratio
of liquid-solid (L/S) increased. Al, Cd, Fe, Mn, Si and Zn showed a significant increase (p  < 0.05; i.e., the correlation
was significant) as the liquid-to-solid ratios (L/S) increased, while Cu showed highly significant increases (p  < 0.01;
i.e., correlation was highly significant) and Pb showed non-significant increase. The order of metal ions release are
aluminum > silicon > copper > iron > zinc > manganese > lead > cadmium. The releasing of these metal ions depends on
pH of the extracted solution and the solid weight used in the extraction. The alkalinity of fly ash attenuates the release
of a large number of elements of concern such as Mn, Cd and Cu with respect to other elements.
The impact of time on the leaching characteristics: trace element mobility in water is heavily pH-dependent (De
Groot et al., 1989). The release of major elements and metals is generally affected by changes in the pH associated
with the dissolution/precipitation of various solid phases (Astrup et al., 2006; Vítková et al., 2009). Over time, the
concentration of Al, Cu, Mn, Pb, Zn and Si increased with highly significance (p  < 0.01; i.e., the correlation was
highly significant), while Cd showed a significant increase, Fig. 2. The order of metals released from fly ash at low
pH was: silicon > aluminum > iron > copper > manganese > zinc > lead > cadmium. At low pH, metals are released from
the surface of fly ash into leachate. Also Tan and Xiao (2010) found the same result; they found that as leaching time
increased the leaching concentration of heavy metals was increased.
3.3.  Speciation  of  trace  and  major  elements  using  visual  MINTEQ  programOver time the electrical conductivity (EC) of leachates increased from 199 to 262 S/cm, while pH value decreased
from 9.42 to 8.08. The time factor also influenced the pH and the concentration of metals leached into the solution,
since different phases are dissolved at different rates. The results of pH coincide with Roy and Griffin (1984), who
observed that the initial pH values of water extracts of fly ashes have been known to change over time in response to
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Fig. 1. Impact of liquid to solid (L/S) ratios on physiochemical parameter; where: (A) pH, (B) carbonate and bicarbonate, (C) salinity, (D) EC and
TDS, (E) calcium, potassium, magnesium and sodium ions, (F) chloride, sulphate and nitrate ions, (G) Al, Fe, Zn and Si elements and (H) Cd, Pb,
C
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he changing chemistry of the weathering wastes. They observed that over time the acidic extracts increased in pH,
hereas the alkaline extracts decreased in pH.
Visual M INTEQ program was used for geochemical speciation of trace elements (Gustafsson, 2010). The dataf leachates water samples including temperature, pH, DOC, cations, anions and trace elements were inserted in the
atabase of the geochemical equilibrium modeling program Visual MINTEQ version 3, in order to form input files.
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The relations between log activity of Al, Cd, Cu, Fe, Mn, Pb, Si and Zn versus pH were developed and plotted in
Figs. 3(A–D) and 4(E–H), respectively drawn by Lindsay (1979).
Aluminum (Al): Fig. 3(A) showed that the activities of Al increased with the decrease of pH; from 1 day to 28
days going to more saturation. The data points of extraction after 1 and 7 days were supersaturated with respect to
amorphous Al(OH)3. By increasing the shaking time to 14 and 28 days, the activities of aluminum are grouped around
the equilibrium line Al(OH)3 amorphous, which indicate that Al(OH)3 amorphous was the solid phase that controlled
Al activities. The percentage of aluminum soluble species estimated by the model are presented in Fig. 3(A), it was
shown that all extracts after 1, 7, 14 and 28 days contained about 98.6% of total dissolved aluminum as Al(OH)4−,
while the rest consisted of 1.4% Al(OH)3 and 0.03% Al(OH)2+.
Cadmium (Cd): Visual MINTEQ calculated Cd2+ activities ranged from −10.8 to −8.2 during 28 days, by plotting
these data, Fig. 3(B), shows that cadmium ion activities are all in line with Cd3(PO4)2(c), which indicates that Cd3(PO4)2
may be the solid phase that control cadmium activity. The activities of Cd increased as time increased and pH decreased.
Fig. 3(B) showed the predominant soluble species of Cd the free ion which accounted 76.9%, while the inorganic species
accounted for 23.1% of the total dissolved cadmium. The main species was CdCO3 which accounted 12.7% of the
total dissolved cadmium.
Copper (Cu): The data points of fly ash extracts are plotted in Fig. 3(C) which showed that all the points are in
line with Azurite line, this indicates that Azurite was the solid phase that control Cu2+ activities. In contrast to Cd,
Cu was almost entirely complex with the dissolved inorganic species (85.3%) in fly ash extracts, while in case of Cd
the inorganic species accounted for 23.1% of the total dissolved cadmium, Fig. 3(C) and 5. Cu2+ free ion accounted
for less than 3% of total dissolved Cu. The main inorganic species was CuCO3 which accounted for 85.3% of total
dissolved Cu. The rest of Cu (12.4%) was in the form of CuOH+, Cu(CO3)22−, Cu(OH)2, Cu2(OH)22+, CuHCO3+
and CuSO4.
Iron (Fe): The activities of iron in fly ash leachates, Fig. 3(D), after 1, 7, 14 and 28 days were all around the jarosite
lines, which means that jarosite may be the solid phase that controls Fe3+ activities. The percentage of iron soluble
species estimated by the model are presented in Fig. 3(D), it was shown that all extracts after 1, 7, 14 and 28 days
contained about 77.3% as Fe(OH)2+, 17% as Fe(OH)4− and the rest as Fe(OH)3.
Manganese (Mn): The results showed that the activities of manganese in extract samples after different days are
all around MnCO3 lines, Fig. 4(E), which suggests that MnCO3 may be the solid phase that controls manganese
activities. Fig. 4(E) showed that the predominant species of manganese was Mn2+ which accounted for 69.5%, while
the inorganic species accounted for 31.5% of the total dissolved manganese. The main inorganic species was MnCO3
which accounted for 24.5% of total dissolved manganese.
Lead (Pb): The data points are plotted in Fig. 4(F), as shaking time increases from 1 day to 28 days the activity of
Pb2+ increases by 2.2 log units. Data points for fly ash extracts shaken for 1day are above PbCO3 line which suggests
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Fig. 3. Solid phase control of trace elements and percentage of soluble species in fly ash leachates; where: (A) for Al, (B) for Cd, (C) for Cu and
(D) for Fe.
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Fig. 4. Solid phase control of trace elements and percentage of soluble species in fly ash leachates; where: (E) for Mn, (F) for Pb (G) for H4SiO4
and (H) for Zn.
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tFig. 5. The fractions of Al, Cd, Cu, Fe, Mn, Pb, Si and Zn in fly ash samples.
hat Pb2+ is supersaturated with respect to PbCO3; and by increasing shaking time Pb2+ tend to in line with PbCO3
ine, which suggest that PbCO3 was the solid phase that controls Pb2+ activities. The percentage of lead soluble species
stimated by the model are presented in Fig. 4(F), it was shown that Pb2+ accounted less than 3.5% of total dissolved
ead, while the rest of lead was in the form of inorganic species. The predominant inorganic species was PbCO3 which
ccounted for 80.3% of total dissolved lead.
Silica (Si): The results indicated that the activities of silicic acid are decreased with the increase of time; and
each to equilibrium after 28 days, Fig. 4(G). The data points of leachate after 1 day were grouped around the
ridymite line, which suggest that the tridymite was the solid phase controlling H4SiO4 activities. The activity
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Table 5
Classification of risk assessment code (RAC).
RAC No risk Low risk Medium risk High risk Very high riskCriteria (%) <1 1–10 11–30 31–50 >50
of H4SiO4 was decreased with increasing the time of extraction to 28 days to group around the equilibrium line
quartz which indicates that quartz was the solid phase controlling silicic acid activity in that sample. Fig. 4(G)
showed that the predominant species of silica was silicic acid which accounted 97.9% of silica present in the
extract, while silicate ion accounted for 2.1%. So, we studied the solid phase controlling of silicic acid in fly ash
extract.
Zinc (Zn): The activities of Zn increased as time increased from 1 day to 28 days, Fig. 4(H). The data points of
leachates after 7, 14 and 28 days were grouped around the equilibrium line of ZnCO3, which indicate that ZnCO3 is
the solid phase that control Zn activity. Fig. 4(H) showed that the predominant species of silica were silicic acid which
accounted 97.9% of silica present in extract, while silicate ion accounted for 2.1%. So, we studied the solid phase
controlling of silicic acid in fly ash extract.
3.4.  Fractionation  of  major  and  trace  elements  in  the  leachates  from  ﬂy  ash  samples
Since the potential migration of metals in fly ash is dependent on the chemical form of the metal; extraction procedures
have been developed to selectively remove these various geochemical forms. While these procedures cannot be used
to identify the actual metal form of a given metal in a fly ash, they are useful in categorizing the metals into several
operationally defined geochemical fractions, such as water soluble fraction, exchangeable and metals associated with
carbonates, iron and manganese oxides, organic matter and residual.
The water soluble fraction (F1) represents the most soluble fraction in which the metals are easily removal by deion-
ized water. Elements in exchangeable fraction (F2) are considered to be non-specifically absorbed and ion exchangeable,
which could be replaced by competing cations (Tessier et al., 1979). Carbonate fraction (F3) represents metals asso-
ciated with the operationally-defined “carbonate” fraction (i.e., associated with carbonate minerals). Elements bound
to iron and manganese oxide (F4) are absorbed in amorphous or crystal phase and characterized by lower stability
under the reductive condition. Elements bound to organic compounds (F5) would be migrated into the surrounding
environment by reacting with complex agents or oxidants. The residual fraction (F6) represents metals occluded within
the crystal structure of recalcitrant minerals. This fraction is not available to biological or diagenetic processes except
over very long time-scales (Tessier et al., 1979) and the elements could not be dissolved even in destructive acidity
conditions.
Fig. 5 indicated that the higher proportion of Al, Cd, Cu, Fe, Mn, Pb, Si and Zn are associated with the residual
fraction with mean values 123376, 3, 208, 24369, 427, 85, 307373 and 292 mg/kg (i.e., 94.9%, 52.1%, 70.8%, 77.5%,
78.1%, 69.3%, 99.8% and 80.7% from total concentration), respectively. While the lower proportions of Al, Cu, Fe,
Pb and Zn are associated with the exchangeable fraction with mean values 77.7, 2.9, 43.1, 0.5, 2.3 mg/kg (i.e., 0.06%,
0.99%, 0.14%, 0.41% and 0.63% from total concentration), respectively; but the lower proportions of Cd, Mn and Si
are associated with water soluble (F1) fraction with mean values 0.13, 3.5 and 59.8 mg/kg (i.e., 2.19%, 0.64% and
0.02% from total concentration), respectively.
Risk assessment code (RAC) is defined as the fraction of metal exchangeable and metal associated with car-
bonates (%F2 + %F3). Elliot et al. (1990) found that metals in exchangeable and carbonated fractions revealed
the leaching potential and bioavailability in environmental conditions. RAC was determined for the major and
trace elements, and the values interpreted in accordance with the RAC classifications, Table 5. This classifica-
tion is also described by Perin et al. (1985) to evaluate the risk of Al, Cd, Cu, Fe, Mn, Pb, Si and Zn in fly
ash.
According to RAC (Table 5), the bioavailability of Cd, Cu, Mn and Pb showed a medium risk that ranged from 10
to 28%, while for Fe and Zn the range was from 1.01 to 7% which are low risk levels, but for aluminum and silicon
are considered safe to our environment, due to the available fraction less than 1%.
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.  Conclusion
In conclusion, the results of the present work demonstrate that the fly ash used in the study, class F, has silt loam
exture and alkaline pH. The leaching of major and trace element increased with the increase of liquid/solid (L/S)
atios. In acidic extract; the leaching of trace and major elements increased as the leaching time increased.
In natural environment, the fly ash was alkaline, pH decreased over time, the solid phase control Al, Cd, Cu, Fe,
n, Pb, Si and Zn activities in fly ash leachates are -Al(OH)3, Cd3(PO4)2, CuO, jarosite, MnCO3, Pb(OH)2, quartz
SiO2) and ZnCO3, respectively. These elements are mainly leached as Al(OH)4−, Cd2+, CuCO3, Fe(OH)2+, Mn2+,
bCO3, Zn2+, H4SiO4 forms, respectively.
The sequential extraction (SE) procedure is advantageous in that it enables to evaluate a potential environmental
vailability of trace and major elements associated with specific fly ash phases under various environmental conditions.
t is concluded from this study that the major proportion of studied elements associated with mineral lattices are
ssentially unavailable. It is not expected to be released into solution under the conditions normally encountered in
atural waters; over a reasonable time span. On the other hand, the next considerable proportion of the trace and major
lements (0.05–15%), associated with ferro-manganese coatings, is probably available as Fe–Mn oxides, thermo-
ynamically unstable under anoxic conditions. The rest of the trace metals, i.e., organics-associated (0.02–9%) can
e also available. Exchanged, adsorbed and bound to carbonate trace metals, although readily available, represent a
elatively minor percentage (0.1–28%). Finally, Cd, Cu, Mn and Pb showed a medium risk, while Zn and Fe showed
ow risk level, but Al and Si considered safe to our environment.
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